We present a fit to precision electroweak data in the standard model extended by an additional vector boson, Z , with suppressed couplings to the electron compared to the Z boson, with couplings to the b-quark, and with mass close to the mass of the Z boson. This scenario provides an excellent fit to forward-backward asymmetry of the b-quark measured on the Z-pole and ±2 GeV off the Z-pole, and to lepton asymmetry, A e , obtained from the measurement of left-right asymmetry for hadronic final states, and thus it removes the tension in the determination of the weak mixing angle from these two measurements. It also leads to a significant improvement in the total hadronic cross section on the Z-pole and R b measured at energies above the Z-pole. We explore in detail properties of the Z needed to explain the data and present a model for Z with required couplings.
I. INTRODUCTION
Among the largest deviations from predictions of the standard model (SM) is the discrepancy in determination of the weak mixing angle from the LEP measurement of the forward-backward asymmetry of the b-quark, A b F B , and from the SLD measurement of leftright asymmetry for hadronic final states, A e (LR − had.). These two measurements, showing the largest deviations from SM predictions among Z-pole observables, create a very puzzling situation [1] , [2] . Varying SM input parameters, especially the Higgs boson mass, one can fit the experimental value for one of them only at the expense of increasing the discrepancy in the other one. While A b F B prefers a heavy Higgs boson, m h 400 GeV, A e (LR − had.) prefers m h 40 GeV. Since other observables also prefer a lighter Higgs the focus has been on possible new physics effects that modify A b F B . However, if the pull for a large Higgs mass from A b F B is removed, the global fit preference is in tension with LEP exclusion limit, m h > 114 GeV [3] .
In a previous study [4] we showed that a Z with mass close to the mass of the Z boson, with suppressed couplings to the electron compared to the Z-boson, and with couplings to the b-quark, provides an excellent fit to measurements of A b F B on and near the Z-pole, and simultaneously to A e (LR − had.). It also leads to a significant improvement in the total hadronic cross section on the Z-pole and R b measured at energies above the Z-pole. In addition, with a proper mass, the Z can explain the 2.3σ excess of Zbb events at LEP in the 90 − 105 GeV region of the bb invariant mass, thus expanding the family of possible explanations of the excess that include a Higgs boson with reduced coupling to the Z boson [5] [6] [7] or a SM-like Higgs boson with reduced branching fraction to bb [8] [9] [10] .
In this paper, we explore in detail properties of the Z needed to explain the data and present a model for Z with required couplings. We discuss signatures of the model at the Large Hadron Collider. We calculate the Z b production cross section which is the dominant production mechanism for the Z and discuss signatures of extra vector-like quarks that are predicted by the model.
We consider a new vector boson, Z , associated with a new gauge symmetry U (1) , with couplings to the electron and the b-quark:
In the numerical analysis we do not make any assumptions about the origin of the Z and treat all four couplings and the mass of the Z as free parameters. Couplings to other SM fermions and the mixing with the Z boson are assumed to be negligible and are set to zero for simplicity. Once we determine typical sizes of g e,b
L,R couplings required we construct a model that generates them through mixing of standard model fermions with extra vectorlike fermions charged under the U (1) . This method of effectively generating Z couplings was recently discussed in Ref. [11] . Although this is not the only possible model, it is a simple one that preserves standard model Yukawa couplings, it is anomaly free and can be embedded into grand unified theories.
Previous explanations of the deviation in A b F B focused on modifying g b R . Achieving this and simultaneously not upsetting quite precise agreement in R b turned out to be very challenging for a new physics that enters through loop corrections [12] . This motivated tree level modification of the g b R either through mixing of b-quark with extra fermions [13] or through Z-Z' mixing [14, 15] . However the A b F B is only a part of the puzzle and any new physics that reduces to modification of bottom quark couplings cannot affect the A e (LR − had.).
In Ref. [4] we suggested to modify the bb production cross section directly, e + e − → Z * → bb, rather than modifying the Z-couplings. This idea comes from a simple observation that increasing σ(e LēL → b RbR ) can decrease A b F B and simultaneously increase A e (LR − had.) by a relative factor that is needed to bring them close to observed values while still improving on R b (for more details see Ref. [4] ). This can be only achieved by a Z near the Z-pole. To generate a sizable contribution to A b F B while contributing to R b only negligibly on the Zpole, and not significantly affect predictions for A b F B and R b above the Z-pole (that roughly agree with measurements), the increase in σ(e LēL → b RbR ) must be due to the s-channel exchange of a new vector particle with mass close to the mass of the Z boson. A scalar particle near the Z-pole can modify A b F B only comparably to its modification of R b .
1 A heavy particle, or a particle contributing in t-channel, can modify Z-pole observables only negligibly if it should not dramatically alter predictions above the Z-pole. Thus a Z near the Z-pole with small couplings to the electron (in order to satisfy limits from searches for Z ) and sizable couplings to the bottom quark is the only candidate.
There is extensive literature concerning models for Z and their phenomenological im-plications [17] . A Z was frequently used to explain previous discrepancies in precision electroweak data, see e.g. a heavy Z [18] or almost degenerate Z and Z [19] scenarios.
Related constraints on a Z near the Z-pole were discussed in Refs. [20, 21] .
This paper is organized as follows. In Sec. II we outline the numerical analysis. The results of the best fit to precision electroweak data and ranges of Z mass and couplings needed to fit the data are presented in Sec. III. A possible model leading to required couplings is discussed in Sec. IV. The current constraints and LHC predictions are summarized in Sec. V, and we conclude in Sec. VI.
II. NUMERICAL ANALYSIS
We construct a χ 2 function of relevant quantities related to the bottom quark and electron measured at and near the Z-pole which are summarized in Table I . Their precise definition can be found in the EWWG review [22] from which we also take the corresponding experimental values. Instead of the pole forward-backward asymmetry of the b-quark,
F B , we include three measurements of the asymmetry, at the peak and ±2 GeV from the peak. These are more relevant because the presence of a Z near the Z-pole changes the energy dependence of the asymmetry. In addition, about 25% of the deviation in the pole asymmetry comes from the measurement at +2 GeV from the peak. Corresponding LEP averages for R b at ±2 GeV from the peak do not exist. These are available only from DELPHI [23] and although they are included in the Z-pole LEP average, R 0 b , we include them in addition in order to constrain the energy dependence. We further include pole values of the total hadronic cross section, σ 0 had , the ratio of the hadronic and electron decay widths, R Although we do not modify production cross sections for the charm quark and other charged leptons we nevertheless include related observables in the χ 2 because of correlations with observables related to the bottom quark and the electron. The correlations are included for the following two sets of observables. The first set consists of 9 pseudo-observables:
The second set represents 18 heavy-flavor observables:
, and 8 additional b-and c-tag related observables that we fix to the fitted values. Precise definition of these observables can be found in the EWWG review [22] from which we also take the corresponding experimental values and correlations.
While b-quark quantities were measured at three energies near the Z-pole, the total hadronic cross section was measured also at ±1, 3 GeV (from data collected only during 1990-1991) by four LEP collaborations [24] [25] [26] [27] . Because there are no combined results, we take ALEPH results to estimate the relative errors for each measured σ had ( √ s) as 1.8%, 0.4%, 1.1%, 1.1%, 0.3%, 1.3% for √ s = −3, −2, −1, 1, 2, 3 GeV from the peak respectively.
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We then require the total hadronic cross section including Z' to deviate from the SM cross section no more than twice the estimated experimental error at a given √ s.
We calculate theoretical predictions using ZFITTER 6.43 [28, 29] and ZEFIT 6.10 [30] which we modified for a Z with free couplings to the b-quark and the electron. In the case of the standard model we precisely reproduce the result in the EWWG review [22] or the PDG review [2] for sets of SM input parameters used in those fits. In our fit we use the SM input parameters summarized in Table 8 .1 of the EWWG review [22] , namely: m Z = 91.1875
GeV, ∆α Table I, are slightly different from [2, 22] . The effects of varying input parameters on electroweak observables can be found in [22] . The differences resulting from a given choice of SM input parameters are not essential for comparison of the SM and SM+Z . We minimize the χ [32] . In principle, the width, Γ Z , could be treated as a free parameter because Z can have additional couplings that do not affect precision electroweak data. For simplicity, we do not consider this possibility.
2 ALEPH collaboration quotes both statistical and systematic errors and the combined errors are comparable to just statistical errors quoted by other LEP collaborations.
III. RESULTS
The best fits to precision data included in the χ 2 are summarized in Table I and [4] . Allowing all four couplings further improves the fit and also enlarges the ranges of couplings for which a good fit is achieved.
Besides quantities included in the χ 2 and given in Table I we check all other electroweak data on and near the Z-pole, and above and below the Z-pole. While b-quark quantities were measured at three energies near the Z-pole, the total hadronic cross section was measured also at ±1, 3 GeV as discussed in the previous section. The measurement at +1 GeV roughly coincides with the Z -peak where the deviation from the SM would be the largest.
The experimental error in σ had at +1 GeV from the peak is ∼ 1% for each LEP experiment and thus the Z -peak contributes only a fraction of the error bar.
At energies above the Z-pole, the A b F B in the Z model basically coincides with the SM prediction while R b fits data better than the SM, see Fig. 1 , with χ 2 = 4.9 for 10 data points compared to the SM which has χ 2 = 7.3 (the average discrepancy with respect to the SM prediction for R b is −2.1σ) [33] . At energies below the Z-pole the Z leads only to negligible differences from the SM predictions compared to sensitivities of current experiments.
The quantities related to other charged leptons and quarks are not directly affected by Z 3 The difference in χ 2 compared to Ref. [4] is the result of a more complete χ 2 function that includes more observables and correlations between them. The best fit values of Z parameters and main features of results are not affected by these modifications. and the predictions are essentially identical to predictions of the SM [2] . For example, the LEP 1 average of leptonic asymmetry assuming lepton universality, A l = 0.1481 ± 0.0027, agrees very well with the SM prediction and would be only negligibly altered by the Z with couplings corresponding to the best fit (the prediction is the same as for A e (LR − lept.)
given in Table I ).
The χ 2 is not very sensitive to exact values of couplings. As can be seen from contours and the Z' model (thick lines) for input parameters corresponding to the best fit I specified in the caption of Table I as functions of center of mass energy near and above the Z-pole. 
IV. A POSSIBLE MODEL AND ITS CONSEQUENCES
In order to have large enough contribution to Z-pole observables without significantly modifying above the Z-pole measurements the mass of the Z should be within few GeV [11] . In this framework the couplings of standard model fields to Z are generated effectively through mixing with extra vector-like fermion pairs. We will follow this direction and customize it for our purposes. where D R has the same quantum numbers under the standard model gauge symmetry as the d R , see Table II . This charge assignment results in the following renormalizable terms in the lagrangian: 
and it can be diagonalized by a bi-unitary transformation, U † L M d U R , which defines the mass eigenstate basis. However, before doing that, it is instructive to change the basis by a unitary 
where 
The lower 2 × 2 block can be diagonalized by a bi-unitary transformation (for simplicity we drop indices, α 3 ≡ α and β 3 ≡ β):
where we use the same names, U L,R , for matrices that diagonalize the lower 2×2 block in the case α 1,2 = 0, as for the matrices that diagonalize the general 4 × 4 matrix. We label their components by 3 and 4 so that results are applicable to the general scenario with non-zero α 1,2 . The bottom quark mass and the mass of the extra heavy down-type quark are given by:
where we assume β 1, α. The mass of the D quark as a function of µ D and α is plotted in Fig. 11 . The diagonalization matrices are approximately given by: 
A. Couplings of the Z boson
Couplings of Z to down-type quarks (mass eigenstates) originate from the kinetic term of the extra vector-like pair:
where the vectors of mass eigenstates ared
T and similarly ford L . The covariant derivative is given by:
where D SM µ is the standard model covariant derivative:
and for simplicity we do not write the SU (3) C interactions explicitly which are not modified by field redefinitions. In the mass eigenstate basis, the Z' has in general both flavor diagonal and off-diagonal couplings to down-type quarks:
where we used Q D = −1. For flavor diagonal couplings the expressions simplify to: small. For the purposes of the fit to precision electroweak data it is effectively zero.
B. Corrections to neutral and charged currents
All couplings of the photon and couplings of up-type quarks and right-handed down-type quarks to the Z boson are identical to standard model couplings. However, since D L is an SU(2) L singlet, the couplings of left-handed down-type quarks to the Z boson are modified.
They can be read out from kinetic terms of left handed fields (similar to Eq. (11) but written for all four quarks):
where T 3 k = −1/2 for k = 1, 2, 3 and 0 for k = 4. Corrections to couplings of the Z boson to left-handed down-type quarks in the standard model (i, j = 1, 2, 3) can be written as:
In general, these corrections for the first two generations are tiny, since they are proportional to ratios of masses of corresponding quarks and the heavy quark, δg
In the case α 1,2 = 0, that we are focusing on, couplings of the first two generations to Z are not altered at all, and there are no flavor violating couplings.
Comparing Eq. (19) with Eqs. (15) and (17) we see that the change in a Z coupling is directly proportional to corresponding Z coupling that is being generated. For the correction to the left-handed bottom coupling we find:
and from the values of the ratio g b L /g given in Fig. 12 we see that δg b L is negligible. The charge currents,
get also modified by d L → U LdL which effectively leads to a modification of the CKM matrix:
In the case α 1,2 = 0, only the third column of the matrix is modified: It is convenient to define δ = 1 − (U L ) 33 which represents the relative correction of the third column of the CKM matrix. It is plotted in Fig. 14 and the values are far below current uncertainties in the CKM elements.
C. Exploring lagrangian parameters
The model we have discussed so far is specified by 4 parameters: g , λ b , µ D , and the vacuum expectation value (vev) of the extra Higgs field that breaks the U (1) symmetry, Φ . This vev is responsible for generating the Z couplings to b quark through mixing with D (it is contained in α) and also for the mass term of the Z boson:
Equivalently, the model is specified by g , m Z , α, and µ D , although the fit to precision electroweak data depends only on two parameters: m Z and g b R . The fit strongly prefers mass of the Z close to the mass of the Z boson and thus we can simply fix it to the best fit value 92.2 GeV. In previous subsections we have explored the dependence of g Our charge assignment results in the following renormalizable terms in the lagrangian: Table I . This can be achieved for:
which means that either the mixing coupling λ e is very small compared to λ b or the extra lepton L is much heavier than the extra down quark D. Since the mass of the electron is negligible, the generated g e R and corrections to Z couplings are essentially zero. Since the extra vector-like fermions couple to both Z and Z their loops can generate Z-Z mixing. The contribution of a vector-like pair to the mixing can be however cancelled by adding a second vector-like pair with opposite U (1) charge. In addition, the mixing can be avoided when the U (1) is embedded into a non-abelian group. The production cross sections of Z b at the LHC are shown in Fig. 18 for center-of-mass energy of 7 TeV (Left) and 14 TeV (Right). The cross sections are calculated with MCFM [34] at the leading order (LO). We used CTEQ6.6 parton distribution functions (PDF). The T > 15 GeV, |η| < 2.5 and ∆R < 0.7 are chosen to match those used for the calculation of Zb production which is a background for Higgs searches [35] . In the analysis no tagging efficiencies are assumed.
From Fig. 18 we see that the cross section is only governed by g [38] . With these cuts on p T and |y|, the Z b production cross section is reduced to about half of those given in Fig. 18 . Note also that MCFM is not interfaced to parton shower/hadronisation fragmentation package, and it does not include multiple parton interaction (MPI). We expect about 10% change in the cross sections given in Fig. 18 once those corrections are taken into account [38] . At the same time, the uncertainties stemming from the next-to-LO calculation, the scale dependences, PDF, and α s are expected to be 20%, 10%, 3%, and 2%, respectively [38] . be explained [39] . However, adding any additional couplings leads to many new constraints that have to be carefully examined.
